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Hydrostatic pressures in proximal tubules and peritubule
capillaries in the dog. Pressures in proximal tubules and pen-
tubule capillaries were measured in the dog with a servo-nulling
device. Proximal tubule pressure was consistently higher than
peritubule capillary pressure; the average gradient of 8.2
1.5 mm Hg was significant, P< 0.001. Increases in ureteral and
renal venous pressures resulted in parallel increases in both
tubule and capillary pressures. There was no significant difference
between the effects of increased ureteral and renal venous
pressures. In general these findings are similar to data for the
rat but differ in that tubule and capillary pressures in the dog
were increased by increments of ureteral pressure that did not
exceed pre-existing tubule pressure. In addition, increases in
renal venous pressure did not significantly reduce the tubule-
capillary pressure gradient as has been reported for the rat.
Pression hydrostatique dans les tubes proximaux et les capil-
laires péritubulaires chez le chien. Les pressions dans les tubes
proximaux et les capillaires péritubulaires ont été mesurées chez
le chien a l'aide d'un système asservi. La pression dans Ic tube
proximal était supérieure a celle dans le capillaire péritubulaire;
Ic gradient moyen de 8.2 1.5 mm Hg était significatif, P< 0.001.
Des augmentations des pressions urétérale et veineuse rénale
déterminaient des augmentations paralléles a Ia fois des pressions
tubulaires et capillaires. II n'y avait pas de difference significative
entre les consequences de l'augmentation de pression urétérale
et de celle de la veine rénale. Globalement ces constatations sont
semblables a celles obtenues chez le rat mais elles en different
en ce que les pressions tubulaires et capillaires chez le chien
étaient augmentées par un accroissement de Ia pression urétérale
qui n'excédait pas Ia pression tubulaire pré-existante. De plus,
l'augmentation de la pression veineuse rénale n'a pas diminué
significativement le gradient de pression tubule —capillaire
comme cela a été constaté chez Ic rat.
Introduction
Several studies of pressures in proximal tubules and pen-
tubule capillaries in the rat have led to the conclusion that
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normally no measurable hydrostatic pressure differential
exists between these two structures [1—4]. However, develop-
ment of a servo-nulling device [5] has made possible more
precise measurements of these pressures than were possible
with the Landis method and has led to a re-evaluation of
this point. With the servo-nulling method, intratubule
pressures have been found to be consistently higher than
peritubule capillary pressures in the rat [6—8]. A similar
comparison of pressures has not been reported for the dog.
For this reason, we have used the servo-nulling device to
measure the pressure gradient from tubule to capillary in
the dog.
In the rat, increases in ureteral pressure have no effect on
proximal tubule pressure until the ureteral pressure exceeds
the intratubular pressure [1, 4]. The original observations
made with the Landis technique have been confirmed with
the servo-nulling device [6]. The relationship between ure-
teral pressure and tubule and capillary pressures has not
been previously reported for the dog and, therefore, this
relationship was investigated.
Finally, an interdependence of tubule and peritubule
capillary pressures has been demonstrated in the rat [1].
This relationship for the dog was examined in the present
study for elevations of ureteral and venous pressures to the
same degree.
Methods
Eighteen mongrel dogs were anesthetized with pento-
barbital and prepared for micropuncture. A tracheotomy
was performed and cannulas were placed in a jugular vein
for infusion of saline solution and in a femoral artery for
blood pressure measurement. The left kidney was carefully
separated from the perirenal fat and immobilized in a holder
without applying direct pressure to the micropuncture sur-
face. A catheter was placed in the left ureter. Part of the
renal capsule was removed and the exposed surface was
bathed with isotonic saline.
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Surface segments and adjacent capillaries were alternately
punctured to obtain pressure recordings. The pressures in
tubules and capillaries were measured with a servo-nulling
system originally described by Wiederhielm et al and applied
to the microvasculature of the kidney by Falchuk and Ber-
liner [5, 8]. This is an active system in which the micro-
puncture pipette is an arm of a Wheatstone bridge. Micro-
pipettes with tip diameters of three to five microns were
used in the system. These fine pipettes had great flexibility
which permitted recordings of pressures from the vessels
without detectable leakage in the presence of pulsatile
movement of the kidney. The accuracy and response char-
acteristics of these pipettes in the system were checked in
a specially constructed test chamber. In agreement with
the findings of Falchuk and Berliner [8], the response of
the pipettes was found to be linear and pipettes with long
tapers were found to be more stable than pipettes with short
tapers. An example of pressure recordings from tubules and
capillaries is shown in Fig. 1. The initial pressure spike due
to entry of the pipette into the tubule or vessel was ignored
and the final pressure plateau was recorded. Further details
of the nature of the recording are shown in a fast trace of a
capillary recording in Fig. 2.
All dogs in this study should be considered as essentially
hydropenic; however, at the time pressure measurements
were made, approximately 250 ml of 0.9 % saline solution
had been infused over a two hour period. The finding of
control pressures in proximal tubules similar to those found
in hydropenic dogs [10, 11] substantiates the classification
of these dogs as hydropenic when compared with saline-
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Fig. 1. Illustration of a pressure recording from proximal tubules
and adjacent peritubular capillaries. Pulsatile characteristics have
been electronically damped to obtain a recording of mean pres-
sures. The initial pressure spike, as recorded in capillary two,
was ignored in reading the pressure for statistical analysis.
mm Hg Peritubule capillary
I second
Fig. 2. Illustration of a simultaneous recording of peritubule
capillary and aortic pulse traces without electronic damping of
the signal. Note the 36° phase lag of the capillary trace behind
the aortic trace.
loaded dogs [12]. Mean proximal tubule pressures, for
example, were 19.3 to 23.1 mm Hg in the experiments in
the present study which are comparable to the mean pres-
sures for proximal tubules of 21 mm Hg from 20 hydro-
penic dogs using the Landis method [10], and 22.1 2.0
mm Hg from seven hydropenic dogs using the servo-
nulling method [11]. For comparison, when saline solution
was infused in one dog in our laboratory, tubule pressure
was 20 3 mm Hg for six tubules in hydropenia, 39 4
mm Hg for 7 tubules following infusion of 70 mI/kg of
saline solution, and 59±8 mm Hg for seven tubules follow-
ing infusion of 150 ml/kg of saline solution. Mandin et al
report a mean intratubular pressure of 34 mm Hg following
40 ml/kg of saline in 25 tubules from five dogs [12].
Pressure measurements were made in peritubule capillaries
which were immediately adjacent to the punctured tubules.
These vessels were approximately five to eight microns in
diameter and clearly smaller than the larger efferent arte-
rioles which can be identified in the "vascular star".
Furthermore, there was a measurable pressure gradient
from the efferent arterioles to the capillaries of 6.3 1.3
mm Hg, F <0.05 (N= 12). The remainder of the studies
were limited to observations from the peritubule capillaries
as defined above.
No attempt was made to localize the site of tubule
puncture in these studies for the following reasons: 1) the
theoretical pressure drop along the length of the proximal
tubule has been previously calculated using Poiseuille's law
and the dimensions and flows for the rat tubule [1, 4]. It
was concluded that the calculated pressure drop of two
mm Hg was smaller than could be detected experimentally
[4]. We have repeated this calculation using the dimensions
and flow rates for the dog nephron [13], and calculated a
1.0 mm Hg pressure drop along the portion of the proximal
tubule accessible to micropuncture. We have further tested
this result experimentally by measuring pressures in early
and late segments of the proximal tubule. These segments
were identified by the injection of lissamine green dye into
the renal artery. There were no significant differences be-
tween pressures in early and late tubule segments; 2) proxi-
mal tubules so completely dominate the surface of the dog
kidney that inclusion of a pressure measurement from a
distal tubule is unlikely [14]. However, it should be noted
that this possibility cannot be ruled out with absolute
certainty.
Three series of experiments were performed in separate
groups of dogs: 1) the effects of equal increases in ureteral
and renal venous pressures on tubule and capillary pressures
were compared in seven experiments. Several control tubule
and capillary pressures were recorded. The ureteral pressure
was then increased by 20 mm Hg. When urine flow had
stabilized at this new pressure, the proximal tubule and
peritubule capillary pressures were repeated. Ureteral
pressure was returned to control levels and the micro-
puncture measurements were repeated. Renal venous pres-
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sure was then increased 20 mm Hg by constricting the renal
vein. Pressure in the renal vein was recorded via a catheter
inserted into the renal vein through the spermatic or ovarian
vein. When a pressure of 20 mm Hg above control pressure
was reached and maintained within a range of pressures
from 18 to 22 mm Hg in the renal vein, pressure measure-
ments were repeated in the proximal tubules and peritubule
capillaries; 2) the effects of stepwise elevation in ureteral
pressure were measured on proximal tubule and peritubule
capillary pressures in five additional dogs. Several pairs of
proximal tubule and peritubule capillary pressures were
measured at normal ureteral pressures. The tip of the ure-
teral catheter was elevated to levels of hydrostatic pressure
above the kidney of 10, 20, 30 and 40 mm Hg. In each case,
urine flow had stabilized at the new pressure level before
micropressure determinations were repeated. Great care
was taken to detect leakage at the point of micropuncture.
This was a serious problem at the high pressure levels.
Some data points are missing at high levels of ureteral pres-
sure because leakage could not be prevented. To facilitate
detection of leakage in some experiments, lissamine green
dye was added to the hypertonic saline solution in the
micropuncture pipette; 3) the effect of small increases in
renal venous pressure was measured in an additional series
of five dogs. The protocol for these experiments was iden-
tical to the protocol for increased renal venous pressure
described above with the single exception that renal venous
pressure was increased to 10 mm Hg above control values.
Results
The results of control pressure measurements in proximal
tubules and adjacent peritubule capillaries from seven dogs
are detailed in Table 1, first column. The mean control
intratubule pressure of 23±1.6 mm Hg was significantly
higher than the corresponding mean peritubule capillary
pressure of 14.8 2.0 mm Hg. In each experiment the tubule
pressures were significantly higher than the pressures in
adjacent capillaries. The tubule-capillary pressure difference
was significant, 8.3 1.2 mm Hg, P <0.001.
An increase in ureteral pressure to 20 mm Hg was asso-
ciated with significant increases in both proximal tubule
and peritubule capillary pressures (Table 1). Following re-
lease of the imposed ureteral pressure, both tubule and
capillary pressures returned to pressure close to the original
control pressures. In the majority of experiments, increased
renal venous pressure resulted in increased tubule and
capillary pressures not significantly different from that
observed following similar increases in ureteral pressure.
In experiment No. 6, however, there was no increase in
capillary pressure following increases in renal venous
pressure. The reasons for this aberrant result are not clear
although this result could be related to the unusually high
control values in this experiment. However, when all the
data are examined, elevations of either ureteral or venous
pressures appear to produce similar effects on proximal
tubule and peritubule capillary pressures.
Table 1. Effect of increased ureteral and renal venous pressures on proximal tubule and peritubule capillary pressures
Dog Control (A) 20mm Hg Increase of
ureteral pressure
Control (B) 20mm Hg Increase of
venous pressure
Tubule
mm Hg
Capillary
mm Hg
Tubule-
Capillary
difference
Tubule Capillary Tubule-
Capillary
mm Hg mm Hg difference
Tubule
mm Hg
Capillary
mm Hg
Tubule-
Capillary
difference
Tubule Capillary Tubule-
Capillary
mm Hg mm Hg difference
1A
lB
20.6 14.6
1.7(5)
6.0 30.0 25.8 4.2
1.5(5)
18.8 13.1
1.1(8)
5.7 24.3 19.5 4.8
2 23.0 8.8 14.2 34.0 19.8 14.2 19.2 14.0 5.2 28.3 21.9 6.4
±2.4(5)
3 19.8 14.0 5.8 30.6 25.4 5.2 18.8 12.4 6.4 27.6 25.2 2.4
4 21.3
1.1(6)
13.6 7.7 42.6 34.3 8.3 32.1 19.5
1.0(4)
12.6 42.5 38.8 3.7
1.8(4)
5 22.8
1.6(8)
12.1
1.5(7)
10.7 39.3 27.1 12.2
3.3(6) 1.9(6)
23.2 10.8
1.7(5)
12.4 40.8 26.2 14.6
1.6(5) 1.0(5)
6 30.8 26.0 4.8 48.4 43.3 5.1 35.8 24.6 11.2 40.4 24.0 16.4
7 23.6
1.9(5)
14.8
1.3(5)
8.8 32.8 21.3 9.5
1.5(5)
25.8
1.0(4)
13.0 12.8 30.1 22.8 7.3
1.1(7) 1.0(6)
Mean 23.1 14.8 8.3 36.8 28.1 8.4 24.8 15.3 9.5 33.4 25.5 7.9
1 SE 1.4 2.0 1.2 2.6 3.1 1.4 2.6 1.9 1.3 2.8 2.4 2.0
a Observations of increased ureteral pressure and renal venous pressure were in separate dogs for this row only.
b Numbers in parentheses refer to number of observations.
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Proximal tubule
51 47 40 24 19
Peritubule capillary
27 25 28 19 12
Results of stepwise elevation of ureteral pressure in five
dogs are depicted in Fig. 3. Elevation of ureteral pressure
to 10 mm Hg resulted in a very small but significant increase
in tubule pressure, 0.6±0.2mm Hg, P<0.025. The capil-
lary pressures were not significantly changed, 0.8 0.4
mm Hg. The tubule-capillary pressure gradient of 5.5 0.6
mm Hg was significant (P<0.00l). The magnitude of the
gradient was unchanged from control values. Elevation of
ureteral pressure to 20 mm Hg resulted in a marked in-
crement of tubule pressure of 8.1 1.2 mm Hg, P<0.001.
It is important to note that this increase in tubule pressure
occurred when the previous proximal tubule pressure was
20.3 1.5 mm Hg. Therefore, it was not necessary for
ureteral pressure to exceed the pre-existing tubule pressure
for a marked effect on tubule pressure to be demonstrated.
Similarly, peritubule capillary pressures were significantly
increased in parallel with tubule pressures. Further elevation
of ureteral pressure to 30 mm Hg resulted in an increment
in tubule pressure of 8.6± 1.3 mm Hg, P<0.00l, which
was similar to the increment observed when ureteral pressure
was elevated from 10 to 20 mm Hg. Again, capillary pres-
sure closely paralleled changes in tubule pressures with the
mean tubule-capillary pressure gradient of 7.3±1.0 mm Hg
(P <0.001).
Elevation of ureteral pressure to 40 mm Hg did not result
in further elevation of tubule or capillary pressures. Al-
though it is likely that the shape of the curve which de-
scribes the relationship between tubule pressure and ureteral
pressure might change slope at this high pressure, the ab-
solute values obtained must be carefully qualified. First,
at these high pressures, leakage around the pipette tip is
difficult to prevent. For this reason, only 19 tubules and 12
capillaries (three dogs), in which no leakage was detected
at the time of micropuncture, were included in the analysis
Table 2. Effect of small increases in renal venous pressure a
Dog Control 10 mm Hg Increase of
renal venous pressure
Tubule Capillary Tubule-
Capillary
Tubule Capillary Tubule-
Capillary
mm Hg mm Hg difference mm Hg mm Hg difference
1 20.7 9.4 11.3 23.1 13.8 9.3
0.7(15) 0.4(15) 0.7(18) 0.8(21)
2 19.6 11.5 8.1 21.4 14.3 7.1
3 18.6 8.9 9.7 24.3 17.0 7.3
1.2(12) 1.2(9)
4 21.2 12.5 8.7 23.5 15.0 8.5
5 16.4 11.0 5.4 19.1 13.2 5.9
Mean 19.3 11.7 8.6 22,3 14.7 7.6
SE
a Numbers in parentheses refer to number of observations or dogs.
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Fig. 3. The effects of graded increases in
ureteral pressure are depicted for tubules
on the left and for capillaries on the right.
Measurements from the same dog are
indicated by common symbols. The
________________ numbers of individual observations at
20 40 each level of ureteral pressure are
indicated.
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of data. Second, on analysis of the data, the finding of
tubule pressure equal to ureteral pressure in the presence
of continued slow urine flow makes it likely that a small
tubule-ureteral pressure gradient was present. Thus, the
possibility of a small underestimate of tubule pressure at
high ureteral pressures must be suspected. Since a careful
check of the calibration of all systems did not detect an
error in pressure measurement, it seems likely that the
underestimate of tubule pressure was due to undetectable
leakage of tubule fluid despite efforts to eliminate this
error.
The results of small increases in renal venous pressure
(10 mm Hg) from five additional dogs are detailed in Table
2. Pressure in proximal tubules was increased 3.0±0.7
mm Hg, P <0.025, in five dogs (109 tubules). Pressure in
peritubule capillaries was increased 4.0 1.1 mm Hg,
P <0.025, in the same five dogs (107 capillaries). The
tubule-capillary pressure gradient was 8.6±1.0 mm Hg in
control measurements and 7.6 0.6 mm Hg following the
small elevation in renal venous pressure. The mean difference
in the tubule-capillary pressure gradient of —1.0
mm Hg following increased renal venous pressure was not
significant.
Discussion
Hydrostatic pressures in both proximal tubules and pen-
tubule capillaries of the dog are higher than the respective
pressures in the rat. Whereas proximal tubule pressure in
the rat has been reported from different laboratories to
range from 10.7 to 14.8 mm Hg [1—3, 6, 7] the pressure in
proximal tubules of dogs ranges from 19.3 to 23.1 mm Hg
for comparable states of hydration [9—111. Similarly, values
for hydrostatic pressure in peritubule capillaries range from
6.5 to 14.2 mm Hg in the rat and comparable pressures from
the dog kidney range from 13.9 mm Hg to 15.3 mm Hg.
In agreement with recent findings in the rat, there was a
consistent pressure gradient from the proximal tubule to
the peritubule capillary [6—81. The tubule-capillary gradient
in the rat averages approximately four mm Hg, whereas in
the dog the tubule-capillary gradient averages approxi-
mately eight mm Hg. Thus, the present experiments clearly
demonstrate the presence of a tubule to capillary pressure
gradient in the dog.
In general, the results of these studies are in agreement
with those presented for the rat with two possible exceptions:
First, in the rat there were no differences in tubule pressure
until ureteral pressure was elevated above the pre-existing
tubule pressure. In the present studies it was found that
elevation of ureteral pressure to 20 mm Hg was associated
with a marked increase in both tubule and capillary pres-
sures when ureteral pressure was approximately the same as
the pre-existing tubule pressure. It is interesting to note,
however, that increases in ureteral pressure to 10 mm Hg
had very little effect on tubule or capillary pressure in the
dog. An increase to 10 mm Hg also had little effect in the
rat; however, this level of ureteral pressure approximates
the tubule pressure. Thus, it may have been coincidental
that ureteral pressure in the rat must exceed the pre-existing
tubule pressure before changes in ureteral pressure are
reflected in changes in proximal tubule pressure. Rises in
ureteral pressure of the same magnitude, that is 10 mm Hg,
were not accompanied by marked changes in tubule
pressure in either species. Increases in ureteral pressure to
20 mm Hg were accompanied by increases in tubule pres-
sure in both species. Thus, the fundamental difference be-
tween the two species was that the control proximal tubule
pressure was higher in the dog.
Second, Falchuk and Berliner [8] have reported that in-
creasing renal venous pressure decreased the tubule-capil-
lary pressure gradient. In their studies, the tubule-capillary
pressure gradient was reduced to 1.4 mm Hg whereas in the
present study the tubule-capillary pressure gradient was
7.6 mm Hg for similar elevations of capillary pressure (see
Table 2). The possibility exists that there is a very small
reduction in the tubule-capillary pressure gradient follow-
ing renal vein constriction in the dog, but this reduction
does not approach that reported for the rat.
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